Abstract-A new robust controller design method, called disturbance observation based internal model control, is proposed. This new controller has a new structure composed of two sub-controllers, the inner disturbance compensator and the outer nominal controller. An attractive advantage of this structure is that the parameters of the two controllers can be designed separately. That is, there is little coupling between the two sub-controllers. The comparison between the structures of the proposed controller and that of the traditional internal model controller is given, and detailed theoretical analysis on controller performances, robustness and sensitivity are conducted. Finally, extensive experiments are conducted to verify the feasible and validity of this new controller designing algorithm in the real application.
Reference [4] propose new controller architecture, called generalized internal model control (GIMC), shown in fig2.1, to deal with the above problem during robust controller designing. This controller is composed of two sub-controllers: performance controller and robustification controller. They are stated to be independently designable. However, the traditional feedback structure determines its disadvantages in the following two aspects (the detailed discussion can be found in section Ⅱ ): 1) Coupling between the two sub-controllers is unavoidable due to the mismatch between the controlled plant and its internal model used in the robustification controller. This coupling is complex to analyze and is influenced greatly by the feedback gain of the robustification controller. Thus, the independent design of two sub-controllers is difficult to be applied in practical designing. 2) Because outputs of the robustification controller are fed back into the input of the performance controller, which often has a structure of low-pass filters, so the high frequency signals in the output is filtered off, thus the effectiveness of such robust control is greatly deteriorated with respect to the high frequency external disturbances.
In this paper, a new robust control structure is designed to overcome the disadvantages pointed out in reference [4] . In this new control structure, the traditional feedback structure is changed into a semi-feed-forward structure [12] . In this way, the coupling between the two sub-controllers becomes simple to analyze and can be negligible according to the discussion in section 3.1. As a result, the robustification controller has little influence on the performance and the output of the robustification controller is feed directly into the output of the controller. This structure assures the independent design of the two sub-controllers and has a better disturbance suppression effect.
The remained contents of this paper are organized as follows: in section II, basic idea of the generalized IMC (GIMC) controller is introduced and its merits and critical drawback are analyzed in detail. In section III, the disturbance observation based internal model controller is introduced and comparison with GIMC is made. After that, two basic properties and robustness properties of the DO-IMC are discussed in detail. In section IV, experiments are conducted and the results are analyzed to prove the theoretical results. Finally in section Ⅴ, the conclusion is made. With such a structure, G k is mainly used to ensure the closed loop has desired performances, while the inner loop, shown in the dashed region, is the so-called robustification controller which is used to suppress the influence of the external disturbances [4] .
The basic idea of the control structure shown in Fig 2. 1 is that if the internal model is precisely obtained, i.e.,ô o G G ≡ , the inner loop will only functions to reject the external disturbances but has no influence on the closed loop performance at all, thus the closed loop performance will be completely determined by k G . And the open loop (the outer loop is opened and the inner loop is closed) transfer function (from reference input r to output y) can be denoted as,
However, with such a feedback structure, the inner loop, which forms the robustification controller, will surely influence the performance controller as the model can't be absolutely precise. This can be easily showed from the following open loop transfer function with the robustification controller,
In formula (2.2)， o G can be seen as the quasi-system:
, it is not difficult to find that ifô o G G ≠ , the quasi-system will be greatly different from the original controlled plant, and thus the robustification controller should be designed carefully in order not to deteriorate the closed loop performance while reinforcing the robustness. However, the quasi-system is complicated and difficult to be analyzed as the model mismatch appears in the denominator of the transfer function. What's more, as the output gain of the robustification controller F varies, the influence of the robustification controller on the performance varies. Thus, the independent design of the two sub-controllers is actually difficult to be implemented in real applications.
On the other hand, as the inner loop output o d is feed into the input of the performance controller k G , the high frequency element of o d will be filtered off by the performance controller, so high frequent disturbances can't be rejected effectively.
In short, it is very difficult for us to design the performance controller and robustification controller separately using the control structure shown in Fig 2. 1.
III. DISTURBANCE OBSERVATION BASED IMC
In order to avoid the disadvantages existing in GIMC, we propose a new control structure, called disturbance observation based IMC (DO-IMC), as shown in Fig 3. 1.
The main difference between GIMC and DO-IMC is that the latter use the semi-feed-forward structure instead of a total feedback one. With such a structure, output of the inner loop (shown as the dashed region) presents the observations of the disturbances and is used to counteract their influence directly. For this reason, the inner loop is called disturbance compensator. That is just the reason why this controller is called disturbance observation based IMC.
A. Basic Properties
With structure as Fig 3. 1, open loop (the outer loop is opened and the inner loop is closed) transfer function of the system can be written as:
And the quasi-system is:
The open loop transfer function of this new control structure can also be expressed as (2.1) ifô
However, compared with (2.3), the quasi-system in formula (3.2) has fine properties: 1) In the lower frequency section, where the controlled plant commonly has a large gain due to low-pass
we have the following equation:
However, in the lower and middle frequency section, the controlled plant has simple frequency characteristics and has 
Thus, this new control structure has the two merits: 1. the disturbance observer imposes little influence on the transfer function of the outer loop; 2. the variation of the compensator gain F imposes little influence on the coupling between the compensator and the performance controller.
These two characteristics assure the practicability of designing and adjusting the outer performance controller and the inner disturbance compensator.
B. Disturbance suppression and Robustness
This subsection discusses the disturbance suppression ability and the robustness of the proposed controller.
1) Disturbance suppression
The system shown in Fig 3. 2 is equal to that in Fig 3. 1. Based on Fig 3. 2, the transfer function from the disturbance input to the system output G dy can be obtained as follow:
From Eq. (3.3), it is clear that the performance of disturbance suppression relates heavily to the value of the parameter K, or equivalently F (according to (3.4) ). A larger |K| will always mean better performance of disturbance attenuation.
In fact, the transfer function from disturbance d to the disturbance observer output d o depends heavily on F:
For most real plants, equation (3.5) means a low-pass filter, and the bandwidth of the filter is increased if the gain F is increased. So, increasing F can improve the robustness against the external disturbances. On the other hand, according to the analysis in subsection A, the variation of F has little influence on the system performance. As a result, increasing F is a fine way to enhance the disturbance suppression ability.
However, the increasing of F is limited by the requirement of robustness. This will be analyzed in the following subsection.
2) Stability Robustness In this paper, the uncertainty of the system is expressed in its multiplicative form, as shown in Fig.3.3.-a) . The equivalent system is shown in Fig.3.3.-b) .
In Fig.3.3.-b) , system encircled by the dashed lines denotes the nominal system described as M and can be denoted as the following equation.
The parameter K is defined in Eq. (3.4). With Eq. (3.7), the transfer function of the whole closed loop system can be denoted as:
According to small gain theorem [5] , if the following inequality can be satisfied, the closed loop system can be ensured to be stable.
From Eq. (3.7) -Eq. (3.9), we can get the conclusion that a System with smaller |K| is more robust in stability against modeling uncertainties.
3) Performance Robustness
This subsection analyzes the sensitivity of the system performance with respect to the model uncertainties to study the performance robustness of the controlled system. By defining transfer function of the real plant as o G′ (note that o G is the nominal plant on which the internal model ˆo G is selected), we have:
The closed loop transfer function of the nominal system can be written as:
To obtain closed loop transfer function of the real system， substitute o G by o G′ , and we have: nominal system and the real system expressed as formula (3.14):
Generally, G φ Δ is caused by the modeling error o G Δ defined in formula (3.10). Thus, the sensitivity function can be defined as formula (3.15):
The parameter of K is defined in (3.4).
Formula (3.15) shows that a larger |K| makes the system more robust in performance.
According to the above discussions, a larger |K| can enhance disturbance suppression and make the performance robustness better. However, due to the limitation caused by the requirement of stability robustness, the size of |K| can't be arbitrarily large. Thus, proper tradeoff is necessary in the actual system designing.
IV. EXPERIMENTS
In this section, the following four experiments are carried out on a DC motor control system to verify the feasibility and validity of the proposed controller. 1) System identification; 2) Inner loop frequency response measurement;
3) The disturbance compensator frequency response property measurement; 4) Performance comparisons of disturbance suppression with different disturbance compensator gain F.
The sketch of the experimental system is shown as Fig. 4 .1. In this experimental system, the input and output of the system are connected to Ch-1 and Ch-2 of HP-3562A [14] . In this way, the system's frequency response characteristic is measured.
A. System identification.
In this experiment, S1 and S2 in Fig4.1 are both connected to 2. The outer controller and the disturbance compensator are both detached from the system. System model structure of the experimental platform can be expressed as formula (4.1):
In formula (4.1), J is the moment of inertia; f is the viscous friction coefficient; ω is the angular velocity; M is the motor torque; M d is the torque caused by the other external disturbance. Transfer function from torque input to velocity output is: In this experiment, S1 is connected to 1 and S2 is switched to 2. The outer controller is set to be unit gain. Disturbance compensator is closed.
According to Eq. (4.2), the controlled plant appears to be a first-order inertial system because of the influence of the viscous friction. To enhance the system performance, the model used in the disturbance compensator is an integral model ignoring the viscous friction. In this way, the viscous friction is taken as an external disturbance and is compensated by the inner controller: This two figures shows that the viscous friction is effectively compensated by the inner compensator in the two experiments. Thus, the quasi-system becomes a simple first-order integral system. By comparing Fig 4.3 or Fig 4.4 with Fig 4. 2, it can be seen that after the disturbance compensator is amounted, only the frequency characteristic in the low frequency section is changed as the influence of the viscous friction is effectively compensated. However, the frequency characteristic in the r − Fig. 4. 1 . Sketch of the experimental system. middle and high frequency section remains the same. This result proves the discussion conclusion in subsection A of section Ⅲ that the disturbance observer imposes little influence on the transfer function of the outer loop. From Fig 4.3 and Fig 4.4 , it can also be seen that the difference of frequency response between the experiment results is very little. This proves the discussion conclusion in subsection A of section Ⅲ that the variation of the compensator gain F imposes little influence on the coupling between the compensator and the performance controller.
C. Disturbance compensator frequency response measurement.
Experiment in subsection B has proved the adjustment of F can enhance the disturbance suppression while imposes little influence on the system's performance characteristics; in this experiment, the frequency responses from disturbance input d to the disturbance observer output d o are measured under F =3.5 and F =7 to further test the influence of adjustment of F on the disturbance suppression effect.
In this experiment, S1 in fig4.1 is connected to 2, and S2 is connected to 1. The outer controller is set to be unit gain. Disturbance compensator is closed. And the outer loop is closed.
The measuring result is shown in Fig4.5.
Setˆo G according to formula (4.4) and take formula (4.2) and (4.3) into (3.5), the disturbance compensator transfer function can be obtained as:
This is a low-pass filter, and its bandwidth is related greatly to the gain value F.
In Fig4.5, the measurement results of the control system with =3.5 and F =7 are respectively denoted as curve-1 and curve-2. Several representative frequency points are listed in table I. The experimental results proves that the disturbance compensator is low pass filter whose bandwidth is depends on the output gain F.
D. Performance comparisons of disturbance suppression with different disturbance compensator gain F.
In this experiment, S1 and S2 in fig4.1 are both connected to 2. The outer controller is set to be unit gain. Disturbance compensator is closed. And the outer loop is closed.
Fig4.6 shows the disturbance suppression effect. Curve-1, Curve-2 and Curve-3 are the results corresponding to the cases of F=0, F=1and F=2 respectively. Curve1 shows clearly that without disturbance compensator, the disturbance is not suppressed effectively, especially for the low-frequent disturbance. In the time-domain step response, the low-frequent disturbance leads to static error (see curve "1" in Fig4.7). The cases using disturbance compensator are shown as curve-2 and curve-3 in Fig.4.6 . Compared to the result of controller without disturbance compensator, the disturbance suppression effect is improved clearly. The corresponding step response (Fig.  4 .7, curve 2 and 3) results show that the proposed controller has no static error and have fine response characteristics. 
V. CONCLUSION
Aiming at designing robust control system which can effectively suppress the external disturbance, a new controller, called disturbance observation based internal model controller, is given. This new controller is composed of two controller, named inner disturbance compensator and outer controller, respectively. Detailed theoretical analysis and experimental tests are conducted, and the results show that the proposed new controller has the following advantages:
1) The new proposed control structure has little coupling between the inner disturbance compensator and the outer controller. As a result, the two sub-controllers can be designed separately.
2) The disturbance compensator can eliminate external disturbances effectively the disturbance compensator output gain is properly designed. 
